Primary corneal endothelial cell (CEC) cultures and 3D-engineered tissue models were used to study the aberrant deposition of extracellular matrix (ECM) in a vision impairing pathology known as Fuchs endothelial corneal dystrophy (FECD). CECs were isolated from excised Descemet membranes of patients with end-stage FECD. CECs isolated from healthy corneas served as controls. Microarray gene profiling was performed on postconfluent cultures of healthy and FECD cells. Protein expression analyses were conducted on tissue models that were engineered by seeding an endothelium on previously devitalized human stromal carriers. The engineered endothelia were kept in culture for 1-3 weeks to reform the endothelial monolayer. Protein expression of integrin subunits a4, a6, av, and b1, as well as laminin, type IV collagen, fibronectin, clusterin, and transforming growth factor b-induced protein (TGFbIp) was then assessed by immunofluorescence. Microarray analysis showed nonstatistical twofold downregulation of collagen-coding genes (COL4A4, COL8A2, and COL21A1) and a twofold upregulation of the COL6A1, laminin a3 gene LAMA3, and integrin subunit a10 gene ITGA10 in FECD cells. Fibronectin type III domain containing 4 (FNDC4) and integrin b5 (ITGB5) genes was significantly upregulated in FECD cells. Immunostainings demonstrated that the protein expression of the integrin subunits a4, a6, av, and b1, type IV collagen, as well as laminin remained similar between native and engineered endothelia. TGFbIp expression was found on the stromal side of both FECD and healthy Descemet's membrane, and only one out of three FECD specimens was positive for the clusterin protein. Interestingly, the ECM protein fibronectin was also found to have a stronger presence on engineered FECD tissues, a result consistent with the native FECD specimens. To conclude, this study allowed to identify fibronectin deposition as one of the first steps in the pathogenesis of FECD, as defined by our engineered tissue model. This opens the way to an entirely new perspective for in vitro pharmacological testing of new therapies for FECD, the leading indication for corneal transplantation in North America.
Introduction
T he cornea is the transparent tissue located in the front part of the eye. It is layered on its posterior surface by the corneal endothelium, which consists of a monolayer of confluent flattened cells responsible for maintaining corneal transparency by ensuring constant stromal dehydration. Corneal endothelial cell (CEC) dysfunction results in corneal edema, loss of corneal transparency, and irreversible blindness. 1 Fuchs endothelial corneal dystrophy (FECD) is a slowly progressive corneal disease that becomes clinically evident in adults aged over 40. In 2015, FECD was responsible for 15 707 (21.7%) of the 72 465 corneal transplantations performed in the United States. 2 There are currently no treatments for FECD other than corneal transplantation.
CECs secrete and deposit extracellular matrix (ECM) proteins that form a specialized basement membrane called Descemet's membrane (DM). A normal DM contains collagen type VIII, collagen type IV (chains a1-a2), and fibronectin on its stromal side and entactin, laminin, perlecan, and collagen type IV (chains a3-a6) on its endothelial side. 3, 4 DM is composed of two layers, an anterior banded layer (fetal layer) of *3 mm thickness that remains relatively constant after formation in utero, and a posterior nonbanded layer (postnatal) that is continuously produced during life. Its thickness reaches *10 mm at age 80. 5 The main feature of FECD is its irregular DM, which can be up to four times thicker than normal. [6] [7] [8] The anterior banded layer is normal, however, the posterior nonbanded layer is either absent or very thin. It is replaced by an abnormal collagenous banded layer that typically contains focal excrescences called guttae. In some cases, a loose fibrillar layer also embeds the guttae. 6, [9] [10] [11] Previous reports showed an increased expression of collagen type IV, laminin, and fibronectin at the posterior side of the DM. [12] [13] [14] The glycoprotein clusterin and transforming growth factor b-induced protein (TGFbIp) have also been shown to be elevated in FECD and to colocalize at the guttae. [14] [15] [16] A recent study also reported an overexpression of the ECM proteins agrin, collagen type III, and collagen type XVI in the posterior collagenous layer of DM of FECD specimens. 14 Integrins form a family of transmembrane glycoproteins that regulate cell-cell and cell-ECM interactions 17, 18 They control many cellular processes, including adhesion, migration, proliferation, survival, and differentiation. 19, 20 Integrins are heterodimeric molecules composed of an a subunit, that confers most of the ECM ligand specificity, and a b subunit, that interacts with the intracellular cytoskeleton via adaptor proteins and determines the broad class of the receptor. 21, 22 Eight b-and 18 a-subunits have been identified, that can associate with each other to produce the 24 integrin heterodimers reported to date. [23] [24] [25] [26] [27] Cultured healthy CECs were shown to express ITGA1, ITGA2, ITGA3, ITGAV, ITGB1, ITGB3, and ITGB5 genes, 28 while native FECD endothelial cells were shown to upregulate ITGA1, ITGA3, ITGA4, ITGAL, ITGB1, ITGB3, and ITGB4 genes.
14 To our knowledge, there has been no report on the integrin protein expression profile of the corneal endothelium, neither healthy nor diseased.
Reports on gene and protein expression in FECD describe the pathology at the end stage of the disease, since the specimens are obtained at the time of corneal transplantation or from postmortem tissues. 14, [29] [30] [31] Knowing that DM thickening is the first clinical sign of the disease, 32 a better understanding of early ECM protein deposition could shed light on the pathogenesis of FECD. Recent advances in corneal tissue engineering bring us a unique opportunity to study early ECM deposition by FECD cells. Our group has reported on the successful culture of both normal 33, 34 and FECD CECs. 11 We have used these cultured cells to engineer a corneal endothelium shown to be functional 1 week after transplantation in a living animal eye. [35] [36] [37] We now propose to use these novel engineered tissues to examine the ECM protein deposition by the FECD cells and to characterize the integrin subunits that link these cells to a healthy DM. Understanding the aberrant deposition of ECM by the FECD cells may help to elucidate some of the aspects of FECD pathogenesis and lead to the development of new therapeutic approaches aimed at preventing abnormal ECM deposition and subsequent loss of endothelial cell functionality in this disease.
Materials and Methods

Biological material
This study was conducted according to our institutions' guidelines and the Declaration of Helsinki. Eighteen DM with attached endothelium were harvested from 18 consenting patients with end-stage clinical FECD at the time of their corneal transplantation 11 and were randomly assigned to one of the following groups. Six specimens were used for cell culture and gene expression profiling by microarray (age range: 58-82 years, mean -standard deviation [SD]: 69 -10 years). Seven specimens were used to engineer corneal endothelia (age range: 58-77 years, mean -SD: 67 -8 years). Five specimens were used for the immunostaining experiments (age range: 57-82 years, mean -SD: 67 -10).
Native human corneas without endothelial diseases (healthy) and unsuitable for transplantation in human subjects were obtained from our local eye bank (Banque d'Yeux du Centre universitaire d'ophtalmologie [CUO], Québec, QC, Canada). These healthy corneas were used for cell culture and gene expression profiling by microarray (six corneas; age range: 58-82 years, mean -SD: 71 -10 years), for the engineering of healthy corneal endothelia (two corneas; aged 47 and 68 years), as carriers for the engineered corneal endothelia (10 corneas; age range: 54-84 years, mean -SD: 69 -10 years) and for the immunostaining experiments (seven corneas; range: 68-84 years, mean -SD: 74 -12).
Isolation and culture of CECs from healthy and FECD corneas All CECs were isolated as described previously. 38 In brief, DM were peeled off and incubated overnight in growth medium at 37°C. After centrifugation, they were incubated 1 h in 0.02% ethylenediaminetetraacetic acid (Sigma, Oakville, ON, Canada), and the loosened cells were detached from the DM by passing several times through a flamed-polished pipet. Cells were then centrifuged and resuspended in fresh medium consisting of OptiMem-I (Invitrogen, Burlington, ON, Canada), 8% fetal bovine serum (HyClone, Logan, UT), 5 ng/ mL human epidermal growth factor (Austral Biologicals, San Ramon, CA), 20 ng/mL nerve growth factor (Biomedical Technologies, Stoughton, MA), 100 mg/mL bovine pituitary extract (Biomedical Technologies), 20 mg/mL ascorbic acid (Sigma), 0.08% chondroitin sulfate (Sigma), 25 mg/mL gentamicin sulfate (Scheringm Pointe Claire, QC, Canada), and 100 IU/mL penicillin G (Sigma). Cells were plated on dishes covered with a fibronectin, collagen, and albumin coating mix (FNC, Athena Enzyme Systems, Baltimore, MD).
Gene expression profiling
Total RNA was isolated from postconfluent CEC cultures, as described. 39 Passage 2 or 3 cells were grown and cultured 608 GOYER ET AL.
for 24-38 days, with the addition of hydrocortisone (0.4 mg/ mL) during the last 7 days of culture. Total RNA was isolated using the RNeasy Mini Kit (QIAGEN, Toronto, ON, CA) and RNA quality was analyzed using the 2100 Bioanalyzer (Agilent Technologies, Mississauga, ON, Canada). All samples had an RNA integrity number over 9.5. Cyanine 3-CTP labeled cRNA targets were prepared from 50 ng of total RNA, using the Agilent One-Color Micro-array-Based Gene Expression Analysis Kit (Agilent Technologies). The cRNA (600 ng) was incubated on a G4851A SurePrint G3 Human Gene Expression 8 · 60 K array slide (60,000 probes, Agilent Technologies) and the slides were hybridized and scanned on an Agilent SureScan Scanner according to the manufacturer's instructions. The data were then analyzed using the ArrayStar V12 (DNASTAR, Madison, WI) software for scatter plots and for the generation of heat maps for selected genes of interest. The raw data generated from the arrays were also analyzed by RMA (Robust Multiarray Analysis) for background correction. It was subsequently transformed in Log 2 base and quantile normalized before a linear model was fitted to the normalized data, to obtain an expression measure for each probe set on each array. The microarray data presented in this study complied with the minimum information about a microarray experiment requirements.
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Tissue-engineered human corneal endothelium
Eye bank corneas were devitalized using three freeze-thaw cycles, 36 then stored at -20°C until used (range 17-620 days, mean -SD = 88 -106 days). On the day of reconstruction, they were thawed, rinsed to remove the dead cells, and observed under a stereomicroscope (Nikon SMZ800, Mississauga, ON, Canada). Corneas with detached DM were discarded. Tissue engineering of the corneal endothelium followed our previously published protocol. 36 In brief, devitalized human corneas were placed in the bottom of a sixwell plate, with the denuded DM facing up. Endothelial cells isolated from healthy (n = 3) and FECD (n = 7) corneas were seeded on top of the denuded DM and allowed to adhere for 4 h before immersion in culture medium. They were further cultured for 1-3 weeks (healthy CECs: from 9 to 16 days, mean -SD = 11 -2 days; FECD CECs: from 8 to 20 days, mean -SD = 13 -3 days). A flow diagram of the tissue engineering protocol is presented in Figure 1 .
Histology
Tissues were fixed in 3.7% formaldehyde (ACP Chemicals, Montréal, QC, Canada) and processed for paraffin embedding. Sections (5 mm) were stained with Masson's trichrome. Digital images were acquired using an Axio Imager Z2 microscope (Carl Zeiss Canada Ltd., Toronto, ON, Canada).
Indirect immunofluorescence analysis
Tissues were embedded in Optimal Cutting Temperature compound (Somagen, Edmonton, AB, Canada), frozen in liquid nitrogen and stored at -80°C for ulterior immunostaining. Indirect immunofluorescence assays were performed on 12 mm cryosections as follows: for the clusterin/TGFbIp costaining, cryosections were fixed 10 min at -20°C in methanol (100%; Commercial Alcohols, Brampton, ON, A healthy eye bank cornea was devitalized following three freeze-thaw cycles and used as a carrier for the engineering of a corneal endothelium using cultured cells isolated from FECD specimens. The same protocol was also used to engineer a corneal endothelium using healthy cells from normal eye bank corneas (not shown). (B) Histology cross-sections, trichrome Masson's staining. Top left: a native human eye bank cornea before devitalization; Top right: a devitalized human cornea before cell seeding. Note the absence of cells in the stroma and on Descemet's membrane; Bottom left: a corneal endothelium engineered using cells from patients with FECD; Bottom right: a corneal endothelium tissue engineered using healthy cells from an eye bank cornea. Scale bar: 20 mm. FECD, Fuchs endothelial corneal dystrophy.
(Abcam), a mouse anti-integrin a4 (Millipore, Temecula, CA), a mouse anti-integrin a5 (Transduction laboratories, Mississauga, ON, Canada), a mouse anti-integrin a6 (Serotec, Burlington, ON, Canada), a rabbit anti-integrin av (Millipore), or a mouse anti-integrin b1 (ATCC) for 1 h at room temperature. Secondary antibodies consisted of a goat anti-rabbit, a goat anti-rat, a chicken anti-rabbit, a donkey anti-mouse conjugated with Alexa Fluor 594 (Life technologies, Burlington, ON, Canada) and a donkey anti-goat antibody conjugated with Alexa Fluor 647 (Abcam) for 1 h at room temperature. Negligible background was observed for controls (primary antibodies omitted). Cell nuclei were counterstained with Hoechst reagent 33258 (Sigma). Fluorescence was observed using a LSM700 confocal microscope (Zeiss, Toronto, ON, Canada).
Statistical analysis
Quantified data represent the mean -SD wherever applicable. Statistical significance was determined using the nonparametric Mann-Whitney U-test (GraphPad Prism version 5), which does not assume Gaussian distribution. A p < 0.05 was considered significant.
Results
ECM-and integrin-related gene expression
Gene expression profiling by microarray analysis was conducted on total RNAs isolated from cultured CECs from healthy and FECD specimens. Tables 1 and 2 summarize the ECM and integrin-related genes that had a mean linear value over 100. A high degree of variability was observed between samples (high SD values). Results show that 13% (5 out of 38) ECM-related genes and 6% (1 out of 18) integrin-related genes had a twofold change deregulation in FECD cells compared with healthy controls. The most abundant mRNAs (linear value over 10,000), in both FECD and healthy cultured CECs, were the ones expressed by COL1A2, COL8A1, COL12A1, and TGFBI. Mean linear values of genes with a twofold (or over) deregulation are represented in Figure 2 . In FECD cells, downregulated genes included COL4A4, COL8A2, COL21A1, and ITGA10, while COL6A2 and LAMA3 were upregulated, however, none of these deregulated genes showed statistical significance. The only deregulated genes with a pvalue under 0.05 were the ones coding for the fibronectin type III domain containing 4 (FNDC4) and the integrin b5 subunit (ITGB5) ( Tables 1 and 2 ).
ECM-and integrin-related protein expression
We then examined the protein expression of these ECM and integrin-related genes, especially type IV collagen, laminin, and fibronectin, since they were previously reported to be deregulated in native FECD tissues. 12, 13 To do so, healthy or FECD cells were seeded on a previously decellularized DM (Fig. 1A) to engineer a corneal endothelium. As shown in the histology cross sections (Fig. 1B) , the engineered endothelium formed a monolayer of tightly-packed cells, similar to the native endothelium. Native tissues were used as controls for the immunostaining. A summary of the immunostaining results of ECM-and integrin-related proteins is presented in Table 3 .
The native DM normally expresses type IV collagen as a thin line on its endothelial side (Fig. 3) . A similar expression was observed in native FECD specimens, as well as in healthy and FECD-engineered endothelia (Fig. 3) . Laminin protein expression was also observed in all specimens, without obvious differences between native healthy and engineered (healthy or FECD) tissues, and a weaker expression in native FECD specimens (Fig. 3) . Fibronectin protein expression, on the contrary, was markedly increased in both native and engineered FECD specimens (Fig. 3) .
The a4 integrin subunit was similarly expressed in all tissues (Fig. 4) , while the a5 subunit was not detected in any of our samples (not shown). Integrin subunits a6 and av were present on all samples with a fainter expression in native FECD specimens. The protein expression of the integrin b1 subunit was stronger in both engineered tissues (Fig. 4 ).
An immunostaining of the glycoprotein clusterin, known to cause cell aggregation and induce the formation of junctional contacts between cells, 41 was performed in combination with TGFbIp, an ECM protein that mediates cell adhesion by interacting with collagens, fibronectin, and integrins proteins, mainly a3b1 42, 43 (Fig. 5) . In healthy and FECD native and engineered corneas, TGFbIp was generally expressed on the stromal side of DMs, with punctate staining also observed within DMs. Only a very faint cellular TGFbIp expression was observed within CECs. Clusterin was only observed in one guttae of a native FECD specimen and never in FECD-engineered corneas.
Discussion
This study shows that cultured FECD cells carry the disease phenotype in vitro. The endothelia engineered using FECD cells showed a greater deposition of fibronectin than their healthy counterpart, as early as 1-3 weeks after seeding. Fibronectin accumulation was observed without deregulation of laminin and type IV collagen, which were similarly expressed and distributed in the engineered tissues. Since laminin and type IV collagen were previously shown to be increased in late-stage FECD, [12] [13] [14] our results suggest that fibronectin deposition precedes deregulation of these proteins, which is compatible with the chronicity of the disease. Several decades usually separate the appearance of the first guttae and late-stage endothelial decompensation necessitating endothelial transplantation. In our model, fibronectin deposition was the earliest detected sign of FECD pathogenesis.
Our results also demonstrate a high degree of variability in gene expression among FECD specimens. This is in accordance with previous observations showing significant variation in DM phenotype in terms of membrane thickness, presence and amount of striated bodies, guttae shape, size and distribution, and presence or absence of a fibrillar layer. 6, [9] [10] [11] 44 TGFbIp and clusterin have previously been shown to colocalize at the guttae of FECD DM. 15, 16 In the present study, TGFbIp and clusterin expression was both present in one out of three native FECD specimens, however, the two proteins did not colocalize. These results converge to suggest the existence of different subtypes of late-onset FECD, despite a similar clinical endpoint. While the sample size of this study did not lead to the identification of disease-associated genes, larger studies may, in time, The mutation L450W in the COL8A2 gene causes an improper accumulation (between 2.3 and 5.8-fold) of the collagen type VIII a2 protein in DMs, 45 resulting in guttae formation and reduced endothelial cell counts.
46 COL8A2 mutations (L450W and Q455V) have been identified in a rare familial early-onset subtype of FECD.
12,13,47-52 We did not observe an overexpression of COL8A2 in FECD-cultured cells. One explanation is that the specimens used herein were all obtained from patients with late-onset FECD. Indeed, screening of patients with this subtype of the disease has repeatedly failed to document COL8A2 mutations [53] [54] [55] or COL8A2 gene and protein expression deregulation. 14, 56 The increased deposition of fibronectin by the FECD cells is in accordance with our previous experiments showing an early and enhanced deposition of ECM in a short-term living model of FECD. 37 Given this increased accumulation of fibronectin in FECD, it is surprising not to find any significant deregulation of the integrins binding this ECM protein (integrins a4b1, a4b7, a5b1, and avb3) at both the gene and the protein levels. Indeed, the integrin genes ITGA4, ITGA5, ITGAV, ITGB1, and ITGB7, as well as the integrin proteins a4, av, and b1 were all similarly expressed in the cultured cells and in the endothelia engineered using healthy and FECD cells. Of interest, the integrin b5 subunit gene ITGB5 was significantly ( p = 0.049) slightly upregulated (1.4-fold) in FECD cells. The b5 integrin subunit is only known to bind with av, and integrin avb5 also has fibronectin as one of its ligands. 57 Considering ITGB5 was the integrin subunit with the highest linear signal, it could be meaningful to address its role in FECD pathogenesis.
The b1 integrin subunit showed a higher protein expression in the engineered endothelia compared with the native tissues (for both healthy and FECD). This suggests that cell culture, rather than the disease, is responsible for the upregulation of this integrin subunit. An upregulation of the b1 subunit could benefit the engineering of a corneal endothelium by enhancing the adhesion to a carrier or to the native DM. The endothelial side of the DM is indeed rich in laminin, 3, 4 a protein that interacts with integrins a3b1, a6b1, and a7b1.
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Interestingly and contrary to native tissue, 14 very few genes and proteins were deregulated in cultured FECD cells compared with cultured healthy cells. This observation supports the hypothesis that cell culture may select the less affected cells, allowing to engineer a functional endothelium using cells harvested from late stage FECD, as reported previously by our group. 37 To conclude, our results point to an early implication of fibronectin in the pathogenesis of the disease. This increase in fibronectin seems to precede the accumulation of laminin and type IV collagen at the posterior side of DM, as well as the increase in clusterin and TGFbIp colocalized at the guttae that have been described in the late stages of the disease. Fibronectin plays an important role in the regulation of cell migration, adhesion, growth, differentiation, and apoptosis. 25 Our engineered tissue model could thus be used to further study the consequence and implication of the accumulation of fibronectin and other proteins in FECD, with the hope that early pharmacological inhibition would slow down progression of the disease and eventually avoid corneal transplantation. 
